The binding of ligands to chicken muscle triose phosphate isomerase was studied. Changes in u.v. absorbance of the enzyme were used to measure binding, and the dissociation constant was determined over a range of pH values. The ligands were 2-phosphoglycollate and rac-glycerol 3-phosphate (only the D-isomer, sn-glycerol 1-phosphate, binds appreciably). Non-linear regression was used to fit calculated curves to the experimental points and hence to compare different models. Both active sites in the dimeric enzyme probably bound 2-phosphoglycollate, without any interaction between the sites. The results of crystallographic analysis [Phillips, Rivers, Sternberg, Thornton & Wilson (1977) Biochem. Soc. Trans. 5,[642][643][644][645][646][647], and experiments on the 1H, 13C and 31P n.m.r. of enzyme or 2-phosphoglycollate were combined with the present results to provide the basis for a model in which binding depends on glutamic acid-165 being protonated and on the ligand being fully ionized; additionally, binding affects the ionization of one histidine residue (probably histidine-100). The binding of the glycerol 3-phosphate, on the other hand, was independent of pH over the range pH 6.5-8.5 but decreased at lower pH values. This is explained on a model in which the binding of the monoanion of the ligand is markedly affected by the protonation of a residue in the enzyme, but the binding of the dianion is only slightly affected by this ionization.
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The binding of ligands to chicken muscle triose phosphate isomerase was studied. Changes in u.v. absorbance of the enzyme were used to measure binding, and the dissociation constant was determined over a range of pH values. The ligands were 2-phosphoglycollate and rac-glycerol 3-phosphate (only the D-isomer, sn-glycerol 1-phosphate, binds appreciably). Non-linear regression was used to fit calculated curves to the experimental points and hence to compare different models. Both active sites in the dimeric enzyme probably bound 2-phosphoglycollate, without any interaction between the sites. The results of crystallographic analysis [Phillips, Rivers, Sternberg, Thornton & Wilson (1977) Biochem. Soc. Trans. 5, [642] [643] [644] [645] [646] [647] , and experiments on the 1H, 13C and 31P n.m.r. of enzyme or 2-phosphoglycollate were combined with the present results to provide the basis for a model in which binding depends on glutamic acid-165 being protonated and on the ligand being fully ionized; additionally, binding affects the ionization of one histidine residue (probably histidine-100). The binding of the glycerol 3-phosphate, on the other hand, was independent of pH over the range pH 6.5-8.5 but decreased at lower pH values. This is explained on a model in which the binding of the monoanion of the ligand is markedly affected by the protonation of a residue in the enzyme, but the binding of the dianion is only slightly affected by this ionization.
Triose phosphate isomerase catalyses the interconversion of D-glyceraldehyde 3-phosphate and 1,3-dihydroxyacetone phosphate. The electrondensity map of the chicken muscle enzyme at 0.25nm (2.5 A) resolution has been interpreted (Banner et al., 1975) , and the structure deduced Torms the basis for investigations of the enzyme-substrate and enzymeinhibitor complexes, by crystallographic methods (Phillips et al., 1977) .
The specificity of the enzyme limits the number of enzyme-substrate complexes available for investigation, but fortunately there are several inhibitors known, of which 2-phosphoglycollate is the most powerful (Wolfenden, 1969) . Johnson & Wolfenden (1970) reported that binding of 2-phosphoglycollate to chicken muscle triose phosphate isomerase had two effects: the u.v. absorption of the enzyme was altered, and there were crystallographic changes that suggested changes in conformation of the enzyme. Glycerol 3-phosphate, a substrate analogue that is a competitive inhibitor (Burton & Waley, 1968a) , had similar effects on the u.v. absorption (Johnson & Wolfenden, 1970) . Both inhibitors markedly affected the p.m.r. of the enzyme, mainly by perturbing a resonance assigned to histidine-100 (Browne et al., 1976) .
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Triose phosphate isomerase is a dimer (Johnson & Waley, 1967; Burton & Waley, 1968b) , of molecular weight about 53 000. When the enzyme refolds, enzymic activity is acquired as dimer is formed (Waley, 1973) . Although the enzyme is a dimer, only one active site is occupied in the crystal, perhaps because an adjacent molecule is too close (Phillips et al., 1977) .
In the present paper we have extended the observations made by Johnson & Wolfenden (1970) to provide information about the pH-dependence of ligand binding, and about the stoicheiometry and co-operativity. We find that phosphoglycollate binding demands proton uptake, a notable feature since the bound ligand is fully ionized . We put forward models that account for pH-dependence of binding in terms of the ionizations of specific groups.
Materials and Methods

Materials
Chicken muscle triose phosphate isomerase was prepared in the Enzyme Preparation Laboratory (Oxford Enzyme Group) under the direction of Dr.
M. P. Esnouf by the method of McVittie et al. (1972) . Sodium rac-glycerol 3-phosphate and the tricyclohexylamine salt of 2-phosphoglycollate were from Sigma (London) Chemical Co., Kingston upon Thames, Surrey, U.K. Dialysis tubing was thoroughly washed in the hot (McPhie, 1971) .
Spectrophotometric titrations
A Zeiss PMQII single-beam spectrophotometer was used, with 1 cm-or 4cm path-length cuvettes. The former contained 2.5 (or 3.0)ml with about 1.4mg of enzyme/ml, and the latter contained 10ml with about 0.35mg of enzyme/ml.
The instrument was used at maximum (15 s) galvanometer damping and near-maximum amplifier sensitivity, such that the slitwidth was about 0.46 mm at 289nm. Absorbance readings could be measured to an accuracy of +0.0005 absorbance unit. The experiments were carried out with an identical solution of enzyme in both the 'sample' and the 'reference' cell. Portions of inhibitor were added to the sample cell, and equal volumes of buffer to the reference cell. The solutions were stirred by placing the whole cell carrier on a magnetic-stirrer unit. The changes AA289-AA295 and AA288-AA294 were used to monitor binding of 2-phosphoglycollate ( Fig.  1 ) and rac-glycerol 3-phosphate (Fig. 2) respectively. The enzyme concentration was measured with the use of All = 12.1 (Miller & Waley, 1971 ) and a molecular weight of 26600 per subunit.
Care was taken to maintain the ionic strength of the different buffers constant at 0.22M by the addition of NaCl.
Difference spectra
The difference spectrum (Fig. 5 [sn-Glycerol-l-phosphatel (mM) Fig. 2 (Browne & Waley, 1974; Hartman et al., 1975) . A FORTRAN IV program was written for non-linear regression (cf. Atkins, 1971) and run on the University ICL 1906A computer. The sum ofthe square ofthe residuals r ofthe m experimental points was minimized with respect to each of the n least-square parameters. Models andparameters Dissociation constants (Kd) were defined in terms of site concentrations (after Weber, 1975) :
where [L] 
where K = VKIK2 and q = AVK1/K2. Four models were fitted to each set of data, corresponding to: (1) independent sites; (2) extreme negative co-operativity; (3) unknown stoicheiometry; (4) two intrinsically identical co-operative sites.
For the first three models, y is the solution (such that 0<y< 1) of the quadratic [which is eqn. (4) rearranged]: 
Model (4) studies, where S, is of necessity much higher (about 4mM), indicate that one molecule of glycerol 3-phosphate binds to each subunit (Browne et al., 1976) .
2-Phosphoglycollate, however, gave (at the lower pH values) reasonable fits to the third model. A stoicheiometry of 0.82+0.08 ligand/subunit (11 experiments) was thus obtained. This value is closer to 1.0 than to 0.5 (and it is easier to see reasons why it should be low rather than high), and suggests that in solution 2-phosphoglycollate binds to both the subunits, in contrast with the behaviour in the crystal referred to above. pH-dependence of the dissociation constants Perhaps the most striking result of these experiments was the pH-dependence of the dissociation constants. This is apparent in the plots of logKd against pH (Figs. 3 and 4) . Above about pH7, the slope is unity when 2-phosphoglycollate is the ligand (Fig. 3) , and hence (Laskowski & Finkenstadt, 1972) one proton is taken up when the phosphoglycollate binds. In the same pH range the dissociation constant of the glycerol 3-phosphate-enzyme complex does not change with pH, so that no proton is taken up. At low pH, however, both curves change slope, indicating that binding is affected by ionizations of the enzyme or inhibitor. These results are now discussed separately for the two ligands.
2-Phosphoglycollate
The curve in Fig. 3 ionized form of 2-phosphoglycollate that is bound to the enzyme. Moreover, the pK value of a histidine residue is altered in the liganded enzyme (Browne et al., 1976) . The pK value of the histidine residue is raised, but the extent of the change cannot be precisely determined because it is hard to decide how much of the perturbation is to be allotted to changes in chemical shift of the resonance and how much to changes in the ionization constant. A relatively small change in pK of one residue, provisionally taken as histidine-100 (Browne et al., 1976) , and a large change in pK of another, taken as glutamic acid-165 (see below), result in proton uptake on binding.
The pH-dependence of the dissociation constant is given by eqn. (1) K,K4IKL = 1.1 (+0.2)yM, pK2 5.6 (±0.2) and pK7 6.4 (±0.1). The values of 5.6 and 6.4 are quite possible for the pK values of the affected histidine residue in the unliganded and liganded enzyme respectively (Browne et al., 1976) . There is no sign in Fig. 3 of the slope lessening at pH8.4, and so the pK of the greatly affected group seems to be perturbed by about 5 units, from <4.5 in the unliganded enzyme to >9.5 in the liganded enzyme. The binding is strong:
the limiting value is 1 ,lM for K6K4IKL, the dissociation constant for the equilibrium HEHL HE+HL, which applies at low pH. The bound phosphoglycollate exists as the trianion , and the essential proton is taken up by a group on the enzyme. suggested, on the basis of the crystallographic evidence (Phillips et al., 1977) , that the group that took up this proton was glutamic acid-165. Thus one Vol. 179 possibility is that the carboxylate group of 2-phosphoglycollate is hydrogen-bonded to the protonated (un-ionized) carboxy group of glutamic acid-165. This structure would account for the obligatory proton uptake: the proton taken up constitutes the hydrogen bond. The pK (<4.5) for this enzyme group is consistent with the value (about 4) put forward by Hartman et al. (1975) for the active-site glutamic acid residue in the yeast enzyme.
Two experiments carried out to compare the dissociation constant from u.v. measurement with the Ki from kinetics gave a dissociation constant of 6.6pM (range = +0.50) at 19°C at pH7 in 0.1 Mtriethanolamine hydrochloride, not appreciably different from the Ki obtained under these conditions (about 5plM; Hartman et al., 1975) . Similarly, there is little difference between the values of the dissociation constant from u.v. difference spectroscopy and from kinetics for the isomerase and phosphoglycollohydroxamic acid (Lewis & Lowe, 1973) .
Glycerol 3-phosphate
The binding of rac-glycerol 3-phosphate was independent of pH over the range pH 6.5-8.5 (Fig.  4) ; the value over this range was about 0.86mM, which is essentially the same value as is obtained by equilibrium dialysis or by kinetics (Browne & Waley, 1974) ; at pH6.1 the value was 1.20mM, and Browne et al. (1976) also reported a value of 1.2mM. It is known that only the D-isomer (sn-glycerol 1-phosphate) will bind Wavelength (nm) Fig. 5 . Difference spectra for the complexes between muscle triose phosphate isomerase and (a) 1.12mM-2-phosphoglycollate at pH7.03, (b) 9.8mM sn-glycerol 1-phosphate at pH7 and (c) 9.8 mM-sn-glycerol 1-phosphate at pH5.5
The concentrations of enzyme sites were 4.8 fM, 4.8pM and 4.7pM in (a), (b) and (c) respectively; the buffers were 20mM-triethanolamine/HCI at pH7 and 20mM-sodium 3,3'-dimethylglutarate at pH 5.5; the temperature was 25°C and the ionic strength 0.22M. in some ways more attractive, hypothesis is that the ionization of glutamic acid-165 is again playing a part here, as we have suggested that it does in the binding of 2-phosphoglycollate. It turns out that the experimental points for the pH-dependence of the dissociation constant for glycerol 3-phosphate (Fig.   4) can be adequately fitted with pK24.0 and pK,j 5.5 in eqn. (1) of Appendix II; the latter value is consistent with the evidence from the 31P n.m.r. on the pH-dependence of the chemical shift of bound glycerol 3-phosphate (pK1j = 5.75±0.25 ; . The value of pK2 = 4 is essentially the value suggested by Hartman et al. (1975) for the pK of the active-site glutamic acid in the yeast enzyme. Note that the value of pK11 = 5.5 sets only an upper limit on the pK of glutamic acid-165 in the complex (pK1j in the model). It is only molecular constants and not group constants that can be reliably determined (Klotz, 1974; Dixon, 1976) . Moreover, it seems hardly likely to be a coincidence that the pH-dependence of the inactivation of the isomerase by glycidol phosphate also gave a pK of 5.6 (Waley, 1972) . The conditions required for the pHdependence of the inactivation to give a reliable pK value (Knowles, 1976; Brocklehurst & Dixon, 1977) were probably fulfilled here.
Nature ofdifference spectrum
The difference spectrum brought about by the presence of 2-phosphoglycollate (Fig. 5) is a characteristic perturbation difference spectrum, i.e. one produced mainly by a small shift of the absorption bands along the wavelength axis. There are minima at 281 nm and 289nm. These are the values expected for perturbation of tyrosine residues ; Brandts & Kaplan (1973) , for example, found peaks at 282nm and 290nm in the first derivative spectrum of ribonuclease. Perturbation of tryptophan residues produces peaks at rather longer wavelengths, e.g. 298 nm in aldolase (Crowder et al., 1973) ; indeed, the small changes at 298nm and 306nm suggest that a tryptophan residue was being affected, albeit slightly.
The difference spectrum that results from binding of glycerol 3-phosphate is, broadly, similar (Fig. 5) .
So, too, is the difference spectrum that is obtained 1979 represent the ionization of the histidine residue whose pK or its chemical shift (or both) was affected by ligand (Browne et al., 1976 Mare et al., 1972) .
are 'vertical' or 'sideways', and ligand-binding is horizontal ('forwards'). We incorporate the finding, from 31P n.m.r. (Campbell etal., 1978 (Campbell etal., , 1979 and pK2 is then the apparent pK observed in the pH-dependence of ligand binding.
